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Introduction
Herbal drugs have been traditionally used as natural remedies for various ailments and are playing an important role in the healthcare and pharmaceutics industry. "Snow lotus", a famous Chinese Materia Medica derived from dried aerial parts of species of the genus Saussurea (Compositae), has been widely used mainly for inflammatory diseases. [1] For the Tibetan snow lotus medicine "Cagoesuba", two source species are Saussurea laniceps Hand.-Mazz. (SL) and S. medusa Maxim.
(SM); both are said to have cooling properties that remove toxic heat. [2, 3] A traditional Chinese medicine and Uighur medicine "Tianshanxuelian" is derived from Saussurea involucrata (Kar. et Kir.) Sch.Bip. (SI) as recorded in Chinese Pharmacopeia (ChP). [4] Unlike the above two herbs, it is mainly used in Xinjiang province of China; it is said to have a warming effect, which can invigorate Yang. Therefore, SL, SM and SI are three authentic sources of the snow lotus medicine, with different medicinal qualities and clinical effects ( Fig. 1 ). It has been reported that SL is the most potent snow lotus herb, with outstanding anti-inflammatory and anti-nociceptive capacities. [5] ChP's only mentioning SI not only undermines the medicinal significance of SL but also potentially misinforms the public that SI is the sole source of the snow lotus medicine. One of our aims in the present study was to search for chemical evidence of SL's distinctive pharmacological potency.
Comprehensive authentication and quality evaluation is always essential for studying multiorigin medicinal herbs -materia medica based on more than one species. [6] There is serious confusion surrounding these three closely related but different snow lotus herbs. On the market, the three herbs are usually jointly regarded as "snow lotus", misleading consumers and resulting in misuse of the herbs. [7] Some "snow lotus" healthcare products are even adulterated with other herbs, causing an inevitable concern to public health. The situation is similar in the academic community in that some materia medica, floras and published papers have mistaken the species with one another, mostly taking different snow lotus species as SI. [8] [9] [10] Some studies have authenticated different botanical origins of snow lotus medicines by observing macroscopic and microscopic features [7, 11, 12] ; others have preliminary analyzed chemical components and compared their pharmacological effects. [5, 13] We have also reviewed literatures of the three representative snow lotus herbs with regard to their botany, phytochemistry, and pharmacology, aiming to distinguish the three species from a comprehensive perspective. [14] [15] [16] The more we looked into the three medicinal sources, the more we were convinced of the need for an in-depth investigation of the chemical constituents of such raw herbal products as the basis for extending their medical applications [17] [18] [19] as well as preventing falsification of the products on the market [20] . This report is our attempt to meet this need. In order to determine chemicals from the three herbs, gas chromatography (GC), high performance liquid chromatography (HPLC) and ultra-high performance liquid chromatography (UPLC) have been applied as separation methods, coupled with various detectors including diode array detector (DAD) and electrospray ionization mass spectrometry detector (ESI-MS). [13, 21, 22] Due to the inconsistent analyzing conditions and limitation of marker compounds in these studies, a simultaneous, rapid, sensitive and informative chemical determination of the three herbs is necessary for overall quality evaluation. LC-tandem MS has been proved to be able to achieve satisfactory resolution of complex samples, with improved separation capacity and accurate mass information generation. [23] [24] [25] Therefore, UPLC-DAD coupled with quadrupole time-of-flight (QTOF) MS has been chosen as an advanced and appropriate analytical method for efficient qualitative and quantitative analysis of the medicinal herbs.
Principal component analysis (PCA) and hierarchical cluster analysis (HCA) are useful chemometric models making high-throughput data analysis of samples possible. [25, 26] Saussurea is a diversified genus that challenges taxonomic evaluation. According to Flora of China (FOC), SI, with capitula enclosed by broad involucral bracts, is assigned to Subgen.
Amphilaena (Stscheglejew) Lipschitz, while SL and SM, lacking broad involucral bracts surrounding capitula, are assigned to Subgen. Eriocoryne (Wallich ex Candolle). [27] FOC covers the largest number of plant species in the world [28] and uses the classical evolution-based Engler system of classification [29] . Recently, new findings of botanical phylogeny, for example, those of the three snow lotuses, have revealed plant relationships in conflict with that described in FOC. [12, 30] More classification systems have been introduced, providing new angles on plant phylogeny and taxonomy. [31, 32] In order to clear the confusion among the three snow lotus species and even in the genus of Saussurea, we here present a detailed chemical profiling and integrative pattern recognition of the herbs, revealing inadequacies of the traditional system as well as the feasibility of using other feature for taxonomic discrimination.
In this study, we have developed and validated a UPLC-DAD-QTOF-MS method for simultaneous chemical profiling of multiple botanical samples; we have used this method to analyze three snow lotus species, followed by chemometric tools including 4D-PCA and 2D-HCA as unsupervised pattern recognition. The strategy combining chemical determination and multidimensional chemometric analysis contributed to explain the therapeutic potency of SL, distinguish the three confused snow lotus herbs, and provide a possible extensive quality evaluation model for multi-origin medicinal herbs. methanol and stored at 4℃ until use. They were diluted to a series of working solutions with 70% methanol.
Materials and methods

Chemicals and materials
Sample preparation
Plant materials were cut into small pieces and mixed thoroughly. A representative portion of the sample pieces was ground into powder with a Fargo RT-04 grinder (Century Equipment Ltd., Kowloon, HK). The powder was passed through a 20 mesh (0.9 mm) sieve. Powdered plant sample (0.5 g) was ultrasonically extracted with 10 mL 70% methanol for 30 mins, twice. The residue was washed with 4 mL fresh extraction solvent. Total extracts were combined into a 25-mL volumetric flask and filled up to the calibration mark with the solvent before being filtered through a syringe filter (0.2 µm, Alltech, Deerfield, IL, USA).
In order to ensure that the analyte concentrations fell within the linear range of the analytical equipment, samples of SL, SM and SI were diluted with 70% methanol by 20, 5, and 5 times, respectively. SI samples were diluted by 50 times for rutin content analysis. 
Instrumentation and operating conditions
Validation of UPLC-DAD-QTOF-MS quantitation
The method for quantitative analysis was validated in terms of linearity, sensitivity, accuracy, precision and stability.
Five concentrations of each reference standard diluted from stock solutions were run and the calibration curve (y = ax + b) was constructed by plotting the peak area versus concentration. Limits of detection (LODs) and limits of quantitation (LOQs) were determined as sensitivity at signal-tonoise ratios (S/N) of 3 and 10, respectively. Recovery test was performed to evaluate the accuracy by spiking a representative sample (SL-11) with mixed quantitative analytes. Triplicate parallel experiments were carried out, and the recovery rate was calculated using the following formula:
recovery (%) = (detected amount -original amount) / spiked amount × 100%. Variations were expressed as relative standard variations (RSD, %): RSD (%) = (standard deviation / mean) × 100%.
Intra-and inter-day variations as well as repeatability were chosen to evaluate the precision of the developed method. For intra-day variability test, the SL-11 sample extract was analyzed three times within one day. For inter-day variability testing, the same sample was examined three times on three consecutive days. Variations of peak areas and retention times (tR) were expressed as RSD of the data. The repeatability test was conducted by analyzing five independently prepared extracts obtained from SL-11 sample powder; their variations were expressed as RSD of the data. Precision variations below 5% were considered acceptable.
The stability test was conducted by analyzing the lab-prepared standard mixture of which the content of the twelve analytes were all 500 ng/mL. It was analyzed over periods of 0 h, 2 h, 4 h, 8 h, 12 h, and 24 h. The RSDs of the peak areas of each compound were taken for the measures of stability.
Statistical analysis
The results are expressed as the mean ± standard error of mean (SEM) unless specified. Principal component analysis (PCA) and hierarchical cluster analysis (HCA) were applied as unsupervised methods to identify informative subgroups within a large data set. PCA was performed on IBM SPSS Statistics 20 (SPSS, Chicago, IL, USA). HCA was performed across 49 snow lotus samples and twelve quantified chemical analytes "arrays" with Cluster 3.0 (University of Tokyo, Japan), using Spearman rank correlation as similarity metric, and average linkage as clustering method.
Clustering results were visualized as a dendrogram and colored "array" in Java TreeView (University of Glasgow, UK).
Results
Optimization of sample extraction
Extraction methods, solvents and times were optimized. Among possible extraction methods, namely, sonication, reflux and soxhlet extraction, sonication was found to be the easiest and most efficient. [33] Different concentrations of methanol along with other aqueous solvents were compared, where 70% methanol produced the highest yield for the desired analytes. The extraction procedure, including times and cycles, was further optimized via comparative tests.
Optimization of analysis conditions
The conditions for chemical analysis were optimized based on previous related studies. [5, 34, 35] The columns for chromatographic separation were tested using VanGuard TM HSS C18 column (1.8 m, of the characteristic peaks. The sample chromatograms were recorded at wavelengths within 200-500 nm, and it was found that 280 nm could represent the profile of the major constituents in the samples. With regard to mass spectrometric conditions, both positive and negative ionization modes were investigated simultaneously; the negative mode had much more electrospray ion information and, therefore, was chosen for subsequent experiments.
Validation of analysis method
The developed UPLC-DAD-QTOF-MS method showed good linearity, sensitivity, accuracy, precision and stability for quantitation ( Table S2 ). The RSDs of peak areas and retention times of the 12 analytes for the intra-day viability test were below 4.71% and 0.65%, respectively; those for the inter-day test were below 5.99% and 0.32%, respectively; repeatability variations were below 4.93%; variations of the stability test were all no more than 3.75% (Supplementary Table S3-S6) . These results demonstrated that the UPLC-DAD-QTOF-MS method was suitable and successfully achieved simultaneous quantitation of the twelve chosen chemicals in the three snow lotus species. 
Qualitative analysis
The extracts were qualitatively characterized by determining the retention time, molecular weight, mass fragments, UV-absorbance maxima, reported data, and pure standards confirmation of reference compounds. Typical chromatograms of the three snow lotus herbs are shown in supplementary Fig. S1 .
A total of 25 compounds were detected, among which 16 peaks were unambiguously identified with reference standards, and five were tentatively identified ( Table 2) [36] Peak 7 was identified as 4-hydroxyacetophenone with a main deprotonated ion at m/z 135.0460, in accordance with the reported spectral data. [37] Peak 6 and 8 were two sesquiterpenoid derivatives, with formiate ions both at m/z 471.1942, as previously reported. [38] Peak 16 showed a base peak at m/z 461.1116, which was assigned as a deprotonated product of homoplantaginin. [22] 
Quantitative analysis
Among the compounds identified in the three snow lotus herbs, twelve were selected as chemical markers for quantitation. The chosen compounds were either shared or major constituents of the three studied species. Respective concentrations of twelve markers were calculated according to the formula: concentration (mg/g) = calculated concentration (ng/mL) × dilution factor × 25 mL / 0.5 g Table S7 , and average concentrations of each analyte in the three species are shown in Table 3 . Quantitative results of the three snow lotus herbs revealed certain variation in their chemical profiles, including absence of some compounds in some batches of samples. Skimmin (peak 2), umbelliferone (peak 9), and scopoletin (peak 10) were found as peculiar chemicals in SL, in accordance with the qualitative results. Among the common constituents of the three snow lotuses, SL samples contained much more chlorogenic acid (peak 3), scopolin (peak 4), syringin (peak 5), 1,5-dicaffeoylquinic acid (peak 13) and apigenin (peak 22)
than the other two species, while SM samples had more isoquercetin (peak 12) than others. SI samples featured high rutin (peak 11) content, which was approximately 10 and 80 times that of SL and SM samples, respectively. 
Principal component analysis
Principal component analysis (PCA) is a statistical data reduction method that extracts the important information from data as new orthogonal variables as principal components (PC). As shown in supplementary Table S8 , the PCA results showed that the cumulative percentage variance (CPV) of the four-component PCA model accounted for 84.45% of the total variance.
According to the component matrix (Supplementary Table S8 ), PC1 relied heavily on the abundance of umbelliferone (peak 9; 93.9%) and scopoletin (peak 10; 93.6%); syringin (peak 5;
54.2%) played a significant role in an opposite direction to luteolin (peak 18; -68.7%) in PC2; PC3 leaned to apigenin (peak 22; -72.7%) and apigenin 7-O-B-D-glucoside (peak 15; -68.4%); rutin (peak 11; 64.8%) and isoquercetin (peak 12; 54.9%) had greater impact than other chemicals did on PC4.
Clear separation of the three species can be observed in the 4D-PCA scores plot, where each coordinate represents a sample (Fig. 3) . The first three PCs are indicated by the three axes; the fourth one by color. Despite a certain amount of variation within the SL samples, they can be easily grouped together according to their relatively high PC1 scores. Based on the PC2 and PC3 scores of SM and SI samples, the two species can be seen clustering as two close groups. Compared to SM and SL samples, SI herbs showed eminent PC4 scores. The distinguishing of the three species via the 4D-PCA plot echos the respective outstanding components of the herbs: SL with its featured coumarins umbelliferone (peak 9) and scopoletin (peak 10), and SI with its characteristic rutin (peak 11) content. Table S9 ). In the clustergram, each grid represents the relative value in standard deviations (yellow -higher, blue -lower than average) for each sample (Fig. 4) .
The 49 snow lotus samples were clearly clustered in two main groups, reconfirming the PCA scores plot. The SL samples are all grouped in cluster A, away from the SM and SI samples in cluster B. Grids of SL samples are generally yellow, indicating relatively higher content of the analyzed components, especially umbelliferone (peak 9) and scopoletin (peak 10). At the critical value of 15, cluster B was divided into two groups, where sub-cluster a includes all SI samples while sub-cluster b consists of SM samples. SI samples contained unconditionally higher rutin (peak 11) and chlorogenic acid (peak 3) concentrations than SM samples did; SM samples had more isoquercetin (peak 12) and luteolin (peak 18) than SI herbs did.
The twelve quantified chemicals were also clustered to reveal their interrelationships. Analytes were separated into four groups, based on their respective abundance levels in every sample, interestingly corresponding to their chemical structures. Sub-cluster I includes four coumarins, scopolin (peak 4), skimmin (peak 2), umbelliferone (peak 9) and scopoletin (peak 10), all of which have been proved to be major components and potent agents for anti-inflammation and antinociception in SL herbs. [14, 35] Sub-cluster II consists of three phenylpropanoids, chlorogenic acid (peak 3), syringin (peak 5) and 1,5-dicaffeoylquinic acid (peak 13), content levels of which, in decreasing sequence, are SL, SI and SM. Three flavonoids, luteolin (peak 18), apigenin 7-O-β-Dglucoside (peak 15) and apigenin (peak 22) are grouped in sub-cluster III. The three have similar chemical structures except that luteolin (peak 18) has a hydroxyl substitution on C-3' while the other two have not; luteolin (peak 18) and apigenin (peak 22) are proposed to be two main flavonoids accounting for the anti-asthmatic and anticancer effects in SL. [14] Two other flavonoids rutin (peak 11) and isoquercetin (peak 12) are in sub-cluster IV; they share a same quercetin parent core, respectively substituted with rutinoside and glucoside at C-3, differentiating from the ones in sub-cluster III with no substitution at the site. The four categories of analytes have distinctive structural characteristics and bioactivities. The correlation of these chemical signatures with therapeutic effects of the three snow lotus species merits further investigation. 
Discussion
Chemical profiling aids efficient species authentication and explains therapeutic effects
To the best of our knowledge, this is the first study to simultaneously characterize the three representative snow lotus herbs using UPLC-DAD-QTOF-MS. In total, 25 constituents were identified in the three snow lotus species. Of these 25, twelve were quantified ( Table 3 ). The phytochemical analysis revealed that the main constituents of the snow lotus extracts are flavonoids, phenylpropanoids, coumarins, and lignans (Fig. 2) . Characteristic chemicals of SL were found including picein, skimmin, 4-hydroxyacetophenone, umbelliferone, scopoletin, and acacetin.
Arctiin and arctigenin were found peculiar to SM. Three sesquiterpenoid derivatives were found only in SI samples, namely 3α-hydroxy-11βH-11,13-dihydrodehydro-costuslactone 8-O-β-Dglucoside, 3α,8α-dihydroxy,11βH-11,13-dihydrodehydro-cotuslactone, and 6α-hydroxycostic acid 6-β-D-glucopyranoside. Among the common constituents, chlorogenic acid, syringin, isoquercetin, 1,5-dicaffeoylquinic acid and apigenin were found in the highest concentrations in SL; rutin was present most abundantly in SI (Table 3 ). Given the current serious confusion about the different plants used as snow lotus herbs, the results of this qualitative and quantitative phytochemical analysis may serve as a reliable reference for efficient authentication of the three species.
Studies have shown that SL is the most medicinally potent herb among the three species. [5] The present results help explain such findings. Umbelliferone and scopoletin are two compounds that have been proved to have anti-inflammatory and anti-nociceptive properties. [5, 35] These two compounds were found in high concentrations uniquely in SL. Skimmin and scopolin, which were found either peculiar to or existing in high amount in SL, are converted into their respective aglycons, umbelliferone and scopoletin, through hydrolysis of phase I metabolism, contributing to increased concentrations of the two pharmacologically effective coumarins. [35] It is estimated that a polar substitution at 5-, 6-, or 7-position on such coumarins inhibits lipoxygenase and may incur anti-inflammatory effect. [41] Therefore, this study provides a chemical basis for the outstanding therapeutic effects of SL.
This is also the first study to identify picein and homoplantaginin in SL; 1,5-dicaffeoyl-qunic 
Multi-origin medicinal herbs need comprehensive quality evaluation
When it comes to authenticating and evaluating multi-origin medicine, it is essential to develop a sophisticated and extensive quality assessment system in the interest of public health and safety. [6, 42] Besides morphology as an inevitable indicator of herb quality, chemical composition plays a significant role in quality evaluation of medicinal plants. Therefore, a comprehensive yet representative chemical profile should be considered, involving multiple marker compounds.
Criteria for choosing marker compounds should include 1) their relatively high and stable content levels across samples, and 2) their distinctive bioactivities contributing to herbal therapeutic effects.
There has not yet been a chemical evaluation standard for the species of SL as one of the official sources of the Tibetan "Cagoesuba" medicine. [2] According to our previous and present research, we propose that umbelliferone and scopoletin, and their respective glycosides, skimmin and scopolin, should be recognized as marker compounds of the herb. [35] The present clustering patterns of the three herbs ( Fig. 3 and 4 ) have brought our attention to the distinctive chemical composition of SL, and certain variation within the species: all SL samples showed similarly high contents of umbelliferone and scopoletin, while they differed in concentrations of other compounds.
It has been proved that umbelliferone and scopoletin are two major pharmacologically active compounds of the herb, mainly responsible for anti-inflammatory and anti-nociceptive bioactivities [34, 35] ; contributions from other minor constituents are yet to be discovered. Based on these two considerations, the two coumarins and their respective glycosides should be marker compounds of SL.
According to ChP, the official chemical standard of dried SI is no less than 0.15% of chlorogenic acid and 0.15% of rutin. [4] Although the two compounds were found abundant in all SI samples, the standard still lacks specificity because both chemicals are commonly found in most Compositae herbs. We suggest more characteristic constituents be taken into consideration as markers for this species, including the characteristic sesquiterpenes that we have identified in the present study. Simultaneously, comprehensive chemical profiling of SI and subsequent bioactivity screening should be carried on.
Unsupervised pattern recognition gives interesting insight to herbal classification
The 4D-PCA and 2D-HCA results based on chemical constituents showed that among the three snow lotus species, SL was essentially unique, with its indicative components umbelliferone and scopoletin. SM and SI exhibited phytochemical similarities; the two can be distinguished from each other by the characteristic arctiin and arctigenin of SM and the high rutin content of SI ( Fig. 3 and   4) . Analytes of the three herbs can be categorized in four groups according to their chemical structures.
The chemical clustering pattern separating SL from the other two species interestingly differed from the botanical classification in FOC, where the three herbs were assigned in two subgenera of genus Saussurea based on their different capitula arrangements: SI in Subgen. Amphilaena (Stscheglejew) Lipschitz; SL and SM in Subgen. Eriocoryne (Wallich ex Candolle). [27] In the flora, the evolutionary sequence, from most developed to most primitive, was SI, SL and SM. [27] We have previously found that microscopic characteristics of the three species, such as pollen grain morphology, suggest that SL is probably the most advanced, which contradicts the record in FOC. [12] We have also discovered that SL evidently exerts better anti-inflammatory and antinociceptive effects than the other two herbs. [5] The present chemical profiling results are in accordance with our previous morphological and pharmacological studies.
The current botanical classification system is mainly based on macroscopic features, which probably do not represent the totality of phylogenetic development. Integrated consideration of morphological, chemical and even pharmacological data of species makes an overall identification and classification possible. A comprehensive botanical taxonomy system provides meaningful reference to quality control and evaluation of herbs and is therefore playing a significant role in the chemical analysis study.
Conclusions
This is the first study to carry out simultaneous in-depth analysis and comparison of chemical compositions of the three representative snow lotus herbs; it is one step forward from our previous studies comparing macroscopic and microscopic features and pharmacological effects. [5, 12] 4D-PCA and 2D-HCA jointly provided an innovative prospective to the quantification results, illustrating an unambiguous chemical classification of the three herbs, with SL being the most distinctive. Based on the present study, our analytical method using UPLC-DAD-QTOF-MS followed by herbal classification system, quality control and evaluation of herbal products of "snow lotus" as well as other multi-origin medicinal materials can be achieved.
